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Titanium targets with a bias voltage ranging from −500 to +500 V were submitted to
multipulse high repetition rate Nd:yttrium aluminum garnet (YAG;   1.064 m,
 ∼ 300 ns,   30 kHz) laser irradiations in nitrogen at intensity values below the
single-pulse melting threshold. The morphology of the TiN structures formed under the
cumulative action of the laser pulses on the surface of the unbiased and biased targets
was investigated by profilometry and scanning electron microscopy. Under these
irradiation conditions, a specific columnar surface microrelief developed. The height of
the microcolumns reached about 10–15 m, and their diameter about 1–2 m. The
development of TiN microcolumns was enhanced by the applied bias voltage. The
enhancement in the negative biased samples was stronger than that in the positive
biased ones.
I. INTRODUCTION
Laser processing of solid surfaces has been exten-
sively investigated during the last decade because of its
large variety of applications in recrystallization, doping,
smoothing, hardening, or compound formation.1 More-
over, specific irradiation conditions permit the creation
of different surface morphologies as laser-induced peri-
odic structures, microcones, or microcolumns. We have
recently reported for the first time the growth of titanium
nitride microcolumns during the cumulative action of
high repetition rate laser pulses.2,3 In our experiments,
we used a pulsed Nd:yttrium aluminum garnet (YAG;
1.064 m) laser for the irradiation of titanium sur-
faces in high-pressure nitrogen atmosphere.
Surface morphologies, in some aspects similar to those
obtained by us, have been recently reported to develop
during laser irradiation of various material surfaces.
More precisely, microcolumns have been grown on tita-
nium in low vacuum (1 Pa),4 on tungsten in low-pressure
He gas,5 as well as on silicon6,7 and ceramic composites8
in oxygen-containing atmospheres.
Titanium nitride microcolumns grown on titanium can
be useful for certain applications. Indeed, in medical im-
plants it is generally accepted that rough surfaces en-
sure a better osteointegration than smooth ones do.9 In
addition, due to its biocompatibility and bioinertness,
titanium nitride coatings can act as efficient diffusion
barriers against the metal. On the other hand, recent
investigations have also been focused on the field
electron-emission properties of the titanium nitride
microcolumns.10
Our purpose in the present work was the investigation
of the effect of negative or positive bias voltages applied
to the target on the columns growth process. More pre-
cisely, we wanted to see the effect of the external electric
field generated by the target bias on the species in the
ablation plasma and especially on their preferential re-
deposition on the columns top where the electric field is
the most intense. For that, we performed laser irradia-
tions with and without target bias, with all other experi-
mental conditions (laser beam parameters, irradiation ge-
ometry, and ambient nitrogen pressure) kept constant.
We could not identify similar studies in the literature,
concerning laser-surface interactions and laser-generated
columnar surface structure formation in the presence of
external electric fields.
II. EXPERIMENTAL
The irradiations were conducted in a stainless steel
vacuum chamber preliminary pumped down to a residual
pressure of 2 × 10−4 Pa and then filled with pure (less
than 3 ppm oxygen contamination) nitrogen at a pres-
sure of 3 × 104 Pa. We used a Baasel LBI 6000 Nd:YAG
(  1.064 m) laser system (Baasel Lasertech, Ger-
many) generating pulses of 300 nm duration with nearly
Gaussian temporal shape. The spatial intensity distribu-
tion was characterized by a nearly Gaussian circular
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intense central zone. The laser beam was incident nor-
mally to the target surface. Up to 1500 subsequent laser
pulses at a repetition rate of 30 kHz were directed onto
the same target location.
The targets submitted to multipulse laser irradiation
consisted of 10 × 10 × 1 mm3, polished, high-purity
(99.6%), hexagonal phase –Ti foils. The total laser
beam diameter on the target surface was approximately
500 m, and that of the central zone was 120 m. The
total laser pulse energy was fixed at 2.3 mJ, correspond-
ing to about 1.2 mJ in the central zone of the beam. Thus,
the laser intensity in the central zone was about 35 MW/
cm2, and in the surrounding more than one order of mag-
nitude lower. These intensity values are below the single-
pulse melting threshold of titanium.11
A bias voltage ranging from −500 to +500 V was
applied to the titanium target. During the experiments
performed under biased conditions all other irradiation
parameters were identical to those under unbiased ones.
The morphology of the laser irradiated surfaces was
investigated by profilometry using a Dektak 3030 stylus
profilometer (Veeco Instruments, Inc.), and by scanning
electron microscopy (SEM) with Jeol JSM 840 (Japan)
and Cambridge S120 microscopes (Cambridge Instru-
ments, UK).
III. RESULTS
A. Unbiased titanium targets
The SEM micrographs of the surface structures ob-
tained with 810 and 1500 successive laser pulses are
shown in Fig. 1. The micrographs correspond to the cen-
ter of the laser-irradiated area imprints. The morphology
evolution with the increase of the number of laser pulses
from a rippled wavelike structure toward a dense colum-
nar one is clearly visible. The diameters of the columns
grown with 1500 laser pulses are about 2 m, and their
lengths reach about 10 m.
The surface topography evolution with the increase of
the number of laser pulses was followed by profilometry
measurements recorded across the diagonal of the laser
imprints (Fig. 2). The profiles show an increase in height
with the increase of the number of laser pulses. On the
other hand, when the number of laser pulses reaches
1500, a depression in form of a crater is formed in the
center of the laser irradiated area. Nevertheless, the bot-
tom of this crater remains above the non-irradiated target
surface. The magnifications in Figs. 1 and 2 are different.
Thus, Fig. 1 shows only a part from the center of the
whole, about 650-m diameter imprint. Moreover, the
structures visible in the surface profiles are higher than
the columns in the SEM image (Fig. 1), indicating that
beneath the columns, the surface level exceeds that of the
non-irradiated surface.
The cross-section SEM micrographs of the imprints
obtained with 1200 and 1500 laser pulses show the above
described transition from an almost plane surface to a
central depression (Fig. 3). Moreover, the affected area
beneath the microcolumns arrays is porous, reaching a
depth of about 20 m.
B. Biased titanium targets
The SEM micrographs corresponding to the central
part of the imprints obtained with 810 laser pulses and
many bias voltages are presented in Fig. 4. On the surface
of the reference imprint (unbiased target), it can be ob-
served that besides the initial structuring, smooth areas
remain with a morphology still similar to that of the
non-irradiated target. Nevertheless, under biased condi-
tions (both negative and positive) the surface structuring
process becomes accelerated. In addition, under negative
bias the rate of the columns growth is higher than under
positive bias [compare Figs. 4(c) and 4(d)]. Indeed, under
negative 500 V target bias, the surface becomes com-
pletely covered by a dense columnar structure similar to
that shown in Fig. 1(b) for unbiased target with much
FIG. 1. Surface SEM micrographs of samples obtained under unbi-
ased conditions with (a) 810 and (b) 1500 laser pulses. The samples
were tilted 50°.
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more pulses, while under the same but positive bias
value, smooth surface areas can still be observed. We
remark that even if in the SEM images in normal view it
cannot be observed, the morphology of the microcolumns
grown on biased targets is similar to that of those grown
in unbiased conditions [Fig. 1(b)].
The profiles across the diagonal of the full laser im-
prints obtained with 810 and 1200 pulses and many bias
voltages are presented in Fig. 5. Applying a positive or
negative target bias voltage of 500 V during the irradia-
tion with 810 laser pulses increases the overall elevation
of the laser-imprinted area. At 1200 laser pulses, the
increase of the elevation could be observed even at
lower, 100 and 250 V, target bias voltage. Moreover, at
negative 100 V bias voltage, the increase of the elevation
is more pronounced at the borders, while a crater forma-
tion takes place in the center of the imprints. At higher
target bias voltage values, the crater formation can also
be observed at positive bias. However, the craters are
always deeper in the negative as compared to the posi-
tive-bias case [compare Fig. 5(g) with 5(h) and Fig. 5(i)
with 5(j)]. This last feature can also be observed in the
cross-section SEM images of the imprints obtained with
1200 laser pulses grown on positively and negatively
biased targets (Fig. 6). We mention that similar crater
formation can be observed at higher number of pulses
also under unbiased conditions. Moreover, in this case
the crater bottoms always remain higher than the level of
the non-irradiated target surface.
IV. DISCUSSION
The origin of the rippled wavelike structures [Fig. 1(a)],
which precede the column growth is associated with the
onset of significant target nitridation, i.e., with hydrody-
namic instabilities driven by surface tension forces with
positive temperature gradients of the surface tension co-
efficient induced by the local nitrogen concentration gra-
dient on the target surface.2,12 Since the rippled structure
formation takes place in the absence of the laser gener-
ated plasma, it must not be influenced by the external
electric field produced by the target bias.
The evolution of the target morphology with the in-
crease of the number of laser pulses from this initial
rippled wavelike structure to a dense columnar micro-
relief [Fig. 1(b)] is attributed to non-uniform target va-
porization and selective vapor recondensation on the
molten columns top.2,13 Indeed, multiple reflections of
the laser light on the ripples walls lead to preferential
vaporization from the valleys.14 In addition, the incident
energy density is higher in the valleys perpendicular to
the laser beam than on the vertical walls, contributing to
the nonuniform target vaporization.15 The nonuniform
surface vaporization in turn could induce local pressure
gradients in the laser generated plasma developing in
front of the irradiated target, the pressure being higher in
the valleys than on the ripples top.16 These pressure gra-
dients could induce liquid motion from the valleys to-
ward the columns top.
FIG. 2. Surface profiles of samples obtained under unbiased condi-
tions with (a) 810, (b) 900, (c) 1200, and (d) 1500 pulses. The distance
between the ticks on the ordinate axis corresponds to 10 m.
FIG. 3. Cross-section SEM micrographs of samples obtained under
unbiased conditions with (a) 1200 and (b) 1500 pulses.
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The application of a target bias voltage generates an
electric field, which exerts an extra driving force upon
the species present in the laser produced ablation plasma.
Indeed, under negative target bias, the positively charged
particles (the ions present in the ablation plasma) are
attracted toward the surface. These positive ions come
from ejected particles from the target and nitrogen mol-
ecules ionised by collisions.1 The negatively charged
particles, mainly electrons, are repelled by the target.
Their acceleration increases their ionization capability,
resulting in an enhancement of the plasma ionisation, and
thus of the ion bombardment in the target. In the case of
positive bias voltage, electrons are pulled back to the
target, and positive ions are accelerated toward the di-
rection opposite the target. This increases their ionization
capability and also leads to the enhancement of the
plasma ionization. In addition, under both positive and
negative target bias, the neutral species, which are di-
poles induced by the electric field, are also attracted to-
wards the target, but with a lower intensity. All these
processes take place during but also after the end of the
laser pulses since high ambient pressure limits the ex-
pansion and enhances the duration of the laser generated
plasma.1
The impact energy of the accelerated plasma species
under both positive and negative target bias is transferred
to the target surface producing an increase of its tem-
perature. This increase favors the reactive gas incorpo-
ration and surface compound formation, i.e., nitridation
reaction.17,18 Thus, at a given number of pulses, both
positive and negative target bias could be considered
equivalent, in a sense, to the unbiased case with addi-
tional pulses. Indeed, these additional pulses would have
similar effects, i.e., increased target temperature and ni-
trogen incorporation,2,3 leading to enhanced structure
formation. Finally, due to the significant increase of the
target temperature, the melting-vaporization without
preferential redeposition sites leads to crater formation in
the center of the irradiated area (Figs. 5 and 6).
Moreover, the applied electric field under negative tar-
get bias conditions can directly contribute to the growth
of the columns by vapor recondensation. Indeed, the
electric field is more intense on the tops of the col-
umns,19 which represent preferential redeposition sites
for the ionic component of the laser generated plasma.
On the other hand, however, at higher bias voltages, the
ions accelerated in the laser plasma could sputter the
target surface.20–22 This effect could already be present at
FIG. 4. Surface SEM micrographs of samples obtained with 810 laser pulses and a target bias voltage of (a) 0 V, (b) −250 V, (c) −500 V, and
(d) +500 V. The samples were not tilted.
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500 V negative target bias and would act against the
columns growth.
Our results showed that both positive and negative
target bias voltage lead to an enhanced surface structur-
ing and column growth as compared to the unbiased
condition (Figs. 4 and 5). Considering all the described
mechanisms, this can be attributed to the increase of the
reactivity of the species that form the titanium nitride
microcolumns, due to the increase of the plasma ioniza-
tion and to the higher target temperature produced by the
impact of the accelerated plasma species.
In addition, the column growth was faster under nega-
tive target bias than it was under positive target bias. This
could be attributed to the preferential vapor recondensa-
tion of the ionic component of the laser plasma on the top
of the initial columns, where the electric field has the
maximum value. However, it should also be considered
that the described processes (increase of target tempera-
ture and plasma ionization degree, and thus enhanced
nitridation reaction on the target surface) can have dif-
ferent intensities for the same positive or negative bias
voltage value. Then it is not possible to unambiguously
attribute the cause of the observed difference between the
behaviours with positive and negative target bias to the
first effect.
V. CONCLUSION
Titanium nitride microcolumns were grown under the
action of cumulative Nd:YAG (  1.064 m,  ∼ 300
ns,   30 kHz) laser irradiation of titanium targets in
high-pressure nitrogen. Comparative studies of surface
structuring were performed for unbiased and biased tar-
gets. We found that the applied bias voltage enhances
the development of the specific columnar morphology.
The specific structure formation was associated with
laser induced surface compound formation and
hydrodynamic instabilities, as well as selective evapora-
tion and redeposition of plasma species. Our results
showed that the surface structuring process is more ac-
celerated under negative than it is under positive target
bias. The preferential vapor condensation of the ionic
component of the plasma on the top of columns when
negatively biased could contribute to this difference.
However, due to the complexity of the processes that
lead to the column growth, it is difficult to clearly delimit
the mechanisms and distinguish which one plays the de-
cisive role.
FIG. 5. Surface profiles of samples obtained with 810 laser pulses and
a target bias voltage of (a) 0 V, (b) +500 V, and (c) −500 V; and with
1200 laser pulses and a target bias voltage of (d) 0 V, (e) +100 V,
(f) −100 V, (g) +250 V, (h) −250 V, (i) +500 V, and (j) −500 V. The
distance between the ticks on the ordinate axis corresponds to 10 m.
FIG. 6. Cross-section SEM micrographs of samples obtained with
1200 laser pulses and a target bias voltage of (a) +250 V and
(b) −250 V.
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